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Introduction
Mesial temporal lobe epilepsy (MTLE) is the most common medically intractable but surgically remediable type of epilepsy in adults (Kwan et al., 2011) . Anterior temporal lobectomy (ATL) is a well-established treatment for refractory MTLE, with a seizure-free rate approximately of 60-70% (Wieser et al., 2001) . Not only epileptic seizures but also other comorbidities, such as cognitive and emotional disorders, may be improved after surgery (Tanriverdi et al., 2010; Benuzzi et al., 2014) . White matter changes in MTLE have been reported in many diffusion tensor imaging (DTI) studies, mainly reflected as fractional anisotropy (FA) reduction in ipsilateral temporal lobe white matters and extratemporal structures, such as the fornix, cingulum, external capsule and corpus callosum (Gross et al., 2006; Concha et al., 2009 ). These diffusion abnormalities may result from acute functional impairment induced by seizures and chronic structural changes (Concha et al., 2007) . It is known that the epileptic brain is structural reorganized after surgery, including white matters. Surgery directly impairs white matters through surgical axonal transection. Those white matter impairments induced by seizures may be reversible after surgery since seizures get stopped (Yasuda et al., 2009 ). However, the prognosis of those impairments induced by chronic structural changes is not well known. Furthermore, we cannot differentiate the causes of white matter changes before surgery. Therefore, exploring the white matter changes before and after the surgery can contribute to understanding the structural reorganization in epileptic brain and may help predicting postoperative outcome including seizure and other comorbidities (Keller et al., 2017; McDonald et al., 2010; Pustina et al., 2014; Taylor et al., 2018) .
Extended FA reductions after surgery have been reported in tracts directly connected to the area of resection, such as ipsilateral fornix, uncinate fasciculus (UF), cingulum (CING) and inferior longitudinal fasciculus (ILF), which indicated the wallerian degeneration induced by surgical axonal transection (Concha et al., 2007; McDonald et al., 2010; Pustina et al, 2014; Faber et al, 2013; Schoene-Bake et al., 2009; Yogarajah et al., 2010; Nguyen et al.,2011; Winston et al., 2014; Liu et al., 2013) . FA reductions have also been observed in some tracts indirectly connected to the resection zone, such as ipsilateral corpus callosum (CC), internal capsule (IC), external capsule (EC), superior longitudinal fasciculus (SLF), inferior fronto-occipital fasciculus (IFOF), posterior thalamic radiation (PTR) and even contralateral fornix, ILF, in which wallerian degeneration may also play an important role (Concha et al., 2007; McDonald et al., 2010; Pustina et al, 2014; Faber et al, 2013; Schoene-Bake et al., 2009; Yogarajah et al., 2010; Nguyen et al.,2011; Winston et al., 2014) . However, only a few FA increases in ipsilateral IC, EC and corona radiate (CR) have been observed, suggesting the postoperative recovery of white matters (Pustina et al, 2014; Yogarajah et al., 2010; Winston et al., 2014) . Recently, through white matter connectome analysis, it was found that resective epilepsy surgery may lead to increased contralateral axonal connectivity (Jeong et al., 2016) and the network change metrics may have clinical value for predicting seizure outcome (Taylor et al., 2018) . In addition, findings in the dynamic diffusion changes of tracts over time are inconsistent. McDonald et al. (2010) found no additional FA decreases from two
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months to one year post-ATL, while Faber et al. (2013) , on the contrary, found a significantly more widespread pattern of FA reduction in ipsilateral fornix and cingulum from 3-6 months to 12 months in left TLE. Besides, Winston et al. (2014) found little progression between 3-4 months and 12 months following surgery in left TLE, but more widespread changes in right TLE. These different findings may result from limited follow-up times and distinct patients and controls. Up to now, most studies have collected DTI data at one or two time points after surgery, with or without preoperative data and healthy controls, which may not completely reflect the dynamic changes of white matters before and after surgery. The sole DTI study with multiple postoperative scans only focused on the fornix at a very early period, from several days to four months following surgery, indicating FA reduced at the chronic stage (1-4 months) (Liu et al., 2013) .
In this current study, we explored the longitudinal DTI changes in MTLE patients who achieved seizure-free after ATL at five serial time points: before surgery, three months, six months, 12 months and 24 months after surgery, aiming to depict the dynamic pictures of white matter changes following successful ATL.
Materials and methods

Participants
Patients were selected from the temporal lobe epilepsy database in West China Hospital. All patients were diagnosed with TLE according to the International League Against Epilepsy (ILAE) Classification Schemes of Epileptic Seizures and Epilepsy Syndromes (Engel, 2001) and underwent comprehensive preoperative evaluations at our multidisciplinary team consisted of epileptologists, neurosurgeons and radiologists. A combination of clinical symptom, ictal and interictal EEG, MRI and PET/CT was used to localize the seizure focus.
Thirty-two patients who underwent ATL at our center due to intractable MTLE were originally included into the study from April 2014 to December 2015. They were followed-up every three months after surgery for two years and surgical outcome was evaluated according to the ILAE classification (Wieser et al., 2001) . DTI was scanned at five serial time points: before surgery, three months, six months, 12 months and 24 months after surgery, at our MR research center.
The inclusion criteria were as follows: (1) patients with intractable MTLE; (2) normal MRI or MRI evidence of hippocampal sclerosis (HS) ipsilateral to the lateralization by EEG; (3) no evidence of bilateral hippocampal sclerosis or of a secondary extrahippocampal lesion that may contribute to seizures; (4) reached favorable outcome (ILAE class 1) for at least two years; (5) underwent five serial DTI scans.
The exclusion criteria included: (1) patients with any other neurological disorder, psychiatric disorder, or serious systematic disease; (2) with alcohol or other substance abuse; (3) with other structural lesions except HS (according to ILAE classification (Blümcke et al., 2013) ) confirmed by postoperative histopathological examination; (4) suffered persistent postoperative seizures; (5) lost to follow-up or failed to finish all five DTI scans.
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At the end of follow-up, one patient who lost to follow-up, two patients with other structural lesions (hemangioma and focal cortical dysplasia, confirmed by postoperative histopathological examination) and 19 patients who failed to complete all five scans were excluded. Finally, only 10 patients (five right-sided and five left-sided) were enrolled in our study. All patients underwent ATL by one expe rt neurosurgeon using the same approach. In addition, we studied 11 age-and sex-matched healthy controls (4 males and 7 females, age range: 20-42 years) without any neurological or psychiatric disorders. They were only scanned at one time point. All participants were native Chinese speakers and were right-handed, as assessed by the Edinburgh Inventory handedness test.
This study was approved by the local ethics committee and informed consent was obtained from all participants.
Image Acquisition
All DTI imaging was performed on a 3.0 T MRI system (Tim Trio; Siemens, Erlangen, Germany) with an eight-channel head coil. A spin-echo planar imaging sequence with the following parameters was used to obtain DTIs: repetition time (TR) = 6800 ms; echo time (TE) = 91 ms; matrix = 256 × 256; field of view (FOV) = 240 × 240 mm 2 ; slice thickness = 3 mm, no gap, 50 slices. The diffusion sensitizing gradients were applied along 64 non-collinear directions (b = 1000 s/mm 2 ) as well as a reference image with no diffusion weighting (b0 image). Participants were instructed to rest with their eyes closed and keep their heads still. Head motion was minimized by using foam pads.
Image Processing
The diffusion maps were obtained using FSL (www.fmrib.ox.ac.uk/fsl) (Jenkinson et al., 2013) . The eddy current distortions and head motion were corrected using FSL's "eddy current correction" (Jenkinson and Smith, 2001) . Brain extraction was performed using the Brain Extraction Tool (BET) and FMRIB's Diffusion Toolbox (FDT) (Popescu et al., 2013; Behrens et al., 2003) . Then, FA maps of all subjects were calculated in each voxel using DTIFIT (www.fmrib.ox.ac.uk/fsl/fdt/fdt_dtifit.html). The FA maps of right-side MTLE were left-right flipped to obtain ipsilateral and contralateral datasets. A sub-sample of HC, age-and gender-matched with patients, was selected to left-right flipped according to an in-house group matching algorithm (Supekar et al., 2018) . The FA maps of HC and preoperative MTLE subjects were nonlinearly normalized to standard space and then averaged to obtain a group mean standard template. Subsequently, the mean template was left-to-right flipped and re-averaged to create a symmetrical template (Zuo et al., 2010; Zhang et al., 2017; Vaughan et al., 2017) . Preoperative FA map from individual native space was nonlinearly registered to the symmetrical template. And each postoperative image was registered to the corresponding preoperative image using affine registration, and then nonlinearly normalized to the symmetrical template with the surgical resection as a mask to eliminate the information from resected areas (Winston et al., 2014) . The surgical resections ( Figure 1) were manually delineated by overlaying the
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postoperative high resolution T1 images on the preoperative T1 images to have the idea of what is missing. The final decision was based on the agreement of the two investigators (Li W and An D). If there was discrepancy, a third opinion was acquired (Zhou D).The agreement rate between our two investigators was about 90%, which was defined as the mean overlap rate of their manually delineated resected regions. 
Statistical analysis
The first step was the whole brain voxel-wised analysis using Tract-Based Spatial Statistics (TBSS) method. The normalized FA images were thinned to create a skeleton, and each subject's FA map was projected to the s keleton. The resulting data were used for voxel-wise repeated measured ANCOVA with age and gender as covariates. In addition, each patient's resection mask was also registered into common space by applying the normalization approach mentioned as above. These masks were averaged and a further threshold at 10% was set to create a group resection mask to remove voxels in statistical analysis (Winston et al., 2014) . Multiple comparison correction was performed using the Threshold-Free Cluster Enhancement method (Winkler et al., 2016; Smith and Nichols, 2009) . A family-wise error corrected P < 0.05 was considered statistically significant. The second step was the specific fiber tracts analysis. Those regions with significant FA difference from repeated measured ANCOVA were extracted at each time point to calculate their mean FA values. For plotting their dynamic FA changes, post-hoc paired t-test was used to compare the FA difference between any two of the five time points (before surgery, three months, six months , 12 months and 24 months after surgery). P < 0.005 was considered as a corrected significance through Bonferroni correction because of the comparison between five time points.
Furthermore, independent-samples t-test was used to compare the FA differences
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of these regions between preoperative data of patients and data of controls.
Results
Clinical data
Seven of the 10 patients were female. The median age at surgery was 27 years old (range: 19-39). The median duration of epilepsy was 13 years (range: 4-26 years). All patients had at least one focal seizure per month before surgery, with or without secondary generalized tonic-clonic seizures. All patients underwent unilateral ATL (five/five, L/R) and achieved ILAE class 1 after surgery for at least two years. The median follow-up time was 35 months (range: 25-43 months). Antiepileptic medications in the first two years after surgery remained the same as those prior to surgery for all patients. Hippocampal sclerosis (HS) was confirmed by postopera tive histopathological test in five patients and gliosis only was found in the other five patients. Detailed clinical and demographic information of the patients were summarized in Table 1 . There was no statistically significant difference in age, gender, race and
handedness between patients and healthy controls.
3.2. Postoperative FA changes 3.2.1. Whole-brain voxel-wise analysis Results of whole-brain voxel-wise TBSS analysis comparing FA maps of patients between all preoperative and postoperative data using repeated measured ANCOVA were showed in Table 2 . Significant FA changes were observed in widespread white matter regions outside the resected areas after surgery (P˂0.005) ( Figure 2 ). 
Specific fiber tracts analysis
The mean FA values of aforementioned regions in control group and patient group at each time point were presented in Table 3 . Compared with control group, ipsilateral posterior limb of internal capsule (PLIC-I), body of corpus callosum (BCC-I), inferior longitidinal fasciculus (ILF-I) and contralateral genu of corpus callosum (GCC-C), anterior corona radiate (ACR-C), posterior corona radiate (PCR-C), optic radiation (OR-C) showed significant FA reduction before surgery (P˂0.05). Comparisons of FA between any two of the five time points in patient group were presented in Table 4 . Compared among the five time-points in patients, postoperative FA in these tracts changed in four different patterns ( (2) ipsilateral superior cerebellar peduncle (SCP-I) and contralateral body of corpus callosum (BCC-C), genu of corpus callosum (GCC-C), splenium of corpus callosum (SCC-C), anterior corona radiate (ACR-C), external capsule (EC-C), optic radiation (OR-C) showed significant FA reduction at 3-month after surgery, but later significant increase at some point (Figure 3-B) : SCP-I, BCC-C and EC-C showed significant FA increase from 6 to 12 months, GCC-C showed significant FA increase from 3 to 24 months, SCC-C showed significant FA increase from 12 to 24 months, ACR-C showed significant FA increase from 6 to 24 months , OR-C showed significant FA increase from 3 to 12 months; (3) ipsilateral cerebral peduncle (CP-I) and contralateral middle cerebellar peduncle (MCP-C) showed significant FA decreased at three months post-ATL, with further decrease after that (Figure 3-C): CP-I showed significant FA decrease from 3 to 24 months and MCP-C showed significant FA decrease from 3 to 6 months; (4) ipsilateral posterior limb of internal capsule (PLIC-I), retrolenticular part of internal capsule (RIC-I) and contralateral posterior corona radiate (PCR-C) showed significant FA increase after surgery (Figure 3-D) : PLIC-I showed significant FA increase from 6 months; RIC-I and PCR-C showed significant FA increase from 3 months. Figure 3 -B represented FA significantly reduced at three months but then increased at some point (SCP-I, BCC-C and EC-C showed significant FA increase from 6 to 12 months; GCC-C showed significant FA increase from 3 to 24 months; SCC-C showed significant FA increase from 12 to 24 months; ACR-C showed significant FA increase from 6 to 24 months; OR-C showed significant FA increase from 3 to 12 months); Figure 3 -C represented FA significantly decreased at three months, with further decrease after that (CP-I showed significant FA decrease from 3 to 24 months and MCP-C showed significant FA decrease from 3 to 6 months); Figure 3 -D represented FA significantly increased after surgery (PLIC-I showed significant FA increase from 6 months; RIC-I and PCR-C showed significant FA increase from 3 months).
Discussion
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The current study explored the dynamic white matter changes following ATL at five serial time points: before surgery, three months, six months, 12 months and 24 months after surgery in MTLE patients who achieved seizure-free at two-year follow-up. In addition, 11 age-and sex-matched healthy controls were scanned at one time point for comparison. We found significant FA changes after surgery in widespread ipsilateral and contralateral regions, including ipsilateral CING, IC, cerebral peduncle and bilateral EC, CR, CC, ILF, OR, cerebellar peduncle (P˂0.05, FWE correction). There were no significant FA changes in these regions before surgery except FA decreases in ipsilateral PLIC, BCC, ILF and contralateral GCC, ACR, PCR, OR (P˂0.05). Furthermore, it is interesting that we found four distinct types of FA changes after ATL, including (1) FA decreased at three months and remained relatively stable;
(2) FA decreased at three months but increased later; (3) FA decreased at three months, with further decrease after that; (4) FA increased after surgery. These findings may illustrate the complicacy and variability of structural reorganization in epileptic brains. DTI can effectively assess white matters in vivo. FA describes the variance between the levels of diffusion measured in three different directions, reflecting fiber density, axonal diameter and myelination in white matters (Mori and Zhang, 2006) . FA can be affected by many factors, such as changes in intra-and extra-cellular volume, permeability of cell membranes, fiber coherence, axonal loss, mechanical stretch and degeneration of crossing fibers (Beaulieu, 2002) . Baseline FA reduction in ipsilateral PLIC, BCC, ILF and contralateral GCC, ACR, PCR, OR was in line with most previous studies and was thought to be the result of impaired myelination, altered membrane permeability or neuronal packing density, induced by uncontrolled seizures or chronic structural changes (Concha et al., 2007; Winston et al., 2014; Song et al., 2003) . More importantly, four different patterns of postoperative white matter changes were demonstrated in the current study from 3-month to 2-year after ATL. This is the first study to explore FA changes before and after ATL at so many time points in such a long period.
In the first three patterns, we observed significant FA decreases from three months after surgery in ipsilateral CING, EC, SCR, BCC, ILF, OR, CP and contralateral EC, ACR, CC, ILF, OR, MCP, ICP. Postoperative FA reductions have been previously reported in tracts directly and indirectly connected to the resection area, mostly in the first year after surgery (Concha et al., 2007; McDonald et al., 2010; Faber et al, 2013; Yogarajah et al., 2010; Nguyen et al., 2011; Winston et al., 2014; Liu et al., 2013) , except one after 3-11 years (Schoene-Bake et al., 2009) . Similar FA reductions in ipsilateral CING were found in many DTI studies (Concha et al., 2007; McDonald et al., 2010; Schoene-Bake et al., 2009; Faber et al, 2013; Winston et al., 2014) . Following directly surgical axonal transection, downstream Wallerian degeneration leads to FA reduction in ipsilateral CING. Previous studies have also reported reduced FA in EC, CR, CC, ILF, OR and CP (Concha et al., 2007; McDonald et al., 2010; Schoene-Bake et al., 2009; Yogarajah et al., 2010; Winston et al., 2014) . Although not directly transected in surgery, fibers in these regions were more or less interconnected with temporal lobe and also affected by Wallerian degeneration after
ATL (Yogarajah et al., 2010) . However, regarding their dynamic FA changes from three to 24 months, we found three different changing trends. In our pattern A, FA in ipsilateral CING, EC, SCR, BCC, ILF, OR and contralateral ICP, ILF remained relatively stable, without further changes. In our pattern B, FA in ipsilateral SCP and contralateral CC, ACR, EC, OR increased at some latter time point. While in our pattern C, FA in ipsilateral CP and contralateral MCP further decreased after three months. Three published studies have tried to assess the dynamic diffusion changes of tracts over time. However, they only acquired the postoperative DTI data at two time points and their findings were not consistent. McDonald et al. (2010) found no additional FA decreases from two months to one year post-ATL, which was similar to our pattern A and compatible with myelin degradation and slow clearance of axonal and myelin debris, lasting from 1-4 months to years (Liu et al., 2013; Vargas and Barres, 2007) . Faber et al. (2013) , on the contrary, found a significantly more widespread pattern of FA reduction from 3-6 months to 12 months, which was similar to our pattern C. But they only included patients with left TLE who acquired selective amygdalohippocampectomy (SAH) and the groups at 3-6 months and 12 months were not the same, which limited our further comparison. Besides, Winston et al. (2014) found little progression between 3-4 months and 12 months following ATL in left TLE, but more widespread changes in right TLE. However, they only visually compared the ranges of FA changes, without direct comparison of FA values between these two time points, thus failed to find the latter FA increase in our pattern B. The significant decrease and latter increase of FA mainly in contralateral CC, ACR, EC, and OR may reflect the reversible influence of seizures and surgery to contralateral hemisphere.
In the fourth pattern, we observed significant FA increase after surgery in ipsilateral PLIC, RIC and contralateral PCR. Furthermore, ipsilateral PLIC and RIC even showed a further FA increase from 3 to 24 months. FA increases in ipsilateral IC were observed in two previous studies, actually from one group, however, Yogarajah et al. (2010) only found FA increase at 4-month after surgery, and Winston et al. (2014) found more marked changes in right TLE from 3-4 months to 12 months. Increases in FA were mostly thought to be related to the structural plasticity after surgery, not only in language networks, but also in memory system and other aspects (Yogarajah et al., 2010; Nguyen et al., 2011; Winston et al., 2014; Eacott and Gaffan, 2005) . Similar recovery has been found in some MR spectroscopy or PET studies in epilepsy, and the ability of structural reorganization has also been reported in human brains and animal models after injury (Lantz, et al., 2006; Ramu et al., 2008; Jain et al., 2000) . It's worth noting that our FA in ipsilateral PLIC and RIC increased to a level higher than healthy controls. There has been a debate on the cause. Pustina et al. (2014) attributed the abnormally high FA to degeneration of crossing fibers. But Winston et al. (2014) thought the inference of crossing fibers seemed less likely in IC since their fibers were expected to be more coherent. In this study, increased FA were also found in contralateral PCR, which remained relatively stable from 3 to 24 months and didn't exceed the level of healthy controls at the end of follow up. There shouldn't be degeneration of crossing fibers in contralateral hemisphere. Moreover,
FA increase in contralateral CR has also been reported in one study after hemispherectomy, which in turn indicated the genuine neuroplastic response (Govindan, et al., 2013) . Up to now, although researchers have tried to adopt other diffusion parameters, such as mean diffusivity (MD), radial diffusivity (RD), parallel diffusivity (PD) or mode of anisotropy (MO) to further confirm the interference of crossing fibers, it is still an unresolved problem in DTI studies (Pustina et al., 2014; Winston et al., 2014) . It seems arbitrary to simply attribute FA increases in ipsilateral PLIC and RIC to either structural reorganization or degeneration of crossing fibers. But the FA increase in contralateral PCR did indicate the reversibility of preoperative FA reduction and the possibility of structural reorganization. Although this was a very preliminary study including a small group of 10 seizure-free patients, but even in this small group, different patterns of diffusion changes before and after ATL were demonstrated, reflecting the diversity and complicacy of brain structural adaption. These changes may be related to different clinical status, e.g. seizure control, cognitive performance etc. Some FA increases we observed do indicate the reversibility of preoperative diffusion abnormalities and the possibility of structural reorganization, which may be the benefit of epilepsy surgery except for seizure-control. Hopefully, the pattern of diffusion changes may have a predictive value in terms of seizure control, relapse, cognitive improvement or deterioration etc. In addition, FA increases mainly in the contralateral regions indicate the contralateral hemisphere may play an important role in postoperative recovery, which may become a diffusion marker for predicting outcomes of epilepsy surgery.
Limitations
The current study has several limitations that need to be addressed. Firstly, since we only recruited patients with all five serial DTI data, the sample size was small, which may limited the power of the statistical analysis. Secondly, we flipped DTI images to combine analysis, which may interfere with the results because of differences between left and right hemisphere and between left-sided ATL and right-sided ATL. We have attempted to minimize the influences by adopting a symmetrical template. And further studies with larger sample size may allow analyze the changes in each hemisphere independently. Thirdly, all our findings in FA changes were observed on a group level. It is convincing but difficult to observe consistent results in each patient. Finally, neuropsychological tests were not included for correlation with diffusion changes, which need further studies enrolling larger group of patients to clarify.
Conclusion
FA changes after successful ATL presented as four distinct patterns, reflecting different structural adaptions following epilepsy surgery. Some FA increases indicated the reversibility of preoperative diffusion abnormalities and the possibility of structural reorganization, especially in the contralateral hemisphere.
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Highlights  Widespread white matter abnormalities existed in mesial temporal lobe epilepsy.
 We explored longitudinal DTI changes at five serial time points before and after anterior temporal lobectomy.
 We found four distinct patterns of diffusion changes, reflecting different structural adaptions following epilepsy surgery.
 Structural adaption and reorganization did occur after successful anterior temporal lobectomy, especially in contralateral hemisphere.
